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PILOT RE-ENTRY GUIDANCE AND CONTROL 
By Albert B. Miller 
SUMMARY 
The present paper considers some of t he  problems confronting the pilot dur- 
ing a manually controlled re-entry,  and some of the areas  where addi t ional  re-  
search could most prof i tab ly  cont r ibu te  to  a more complete knowledge of manual 
control.  The relat ionship between re-entry vehicle configuration and the nature  
and sever i ty  of t he  manual control  maneuvers i s  discussed in terms of the energy 
ava i lab le  to  cont ro l  the  vehic le ,  and the display-control relationship as they 
relate to the functions performed by the human operator. The importance of 
training through simulation i s  s t ressed  and some of the areas where addi t ional  
simulation studies are needed i s  pointed out. It i s  shown tha t  the  problem of 
escape continues t o  be a c r i t i c a l  problem which requires considerable effort  i f  
a solution i s  t o  be at ta ined.  With regard to future needs,  it i s  pointed out 
that  simulation studies w i l l  continue to be one of the most important vehicles 
for  research into manual control  problems and that many  more studies of the basic 
behavioral components of  manual cont ro l  a re  needed in  order  t o  develop more  com- 
p l e t e  models of the human control process.  In conclusion, several  art icles are 
summarized in the annotated bibliography which are representative of the research 
now being carried out concerning manual control during re-entry.  
INTRODUCTION 
One of  the  most c r i t i c a l  a s p e c t s  of  man's f l igh t  in to  space  i s  his  safe  re-  
turn through the atmosphere. A s  the missions of manned f l i g h t s  become broader 
i n  scope and vehicles more f l e x i b l e  i n  t h e i r  a b i l i t y  t o  manuever the demands on 
the control system, either manual o r  automatic, also become  more s t r ingent .  Re- 
entry represents  the f inal  phase of space flight where the problem of control i s  
most c r i t i c a l  and the  cos t  of  error  high.  For vehicles entering the atmosphere 
the major problems ar i se ,  ou t  of the necessity,  t o  control  aerodynamic heating, 
deceleration loads and the requirement to control the time and locat ion of land- 
ing. The nature of the control problem ul t imately rests  with the nature  and 
scope  of  the  mission. A s  Lesko (Ref. 12) points out "an a l l  inclusive operational 
capabili ty of a piloted re-entry vehicle would encompass i t s  safe  re turn  to  ear th  
i n  a reusable manner, a t  any a r b i t r a r y  s i t e ,  from any random orb i t ,  a t  any arbi- 
trary time, under any weather condition, in daylight o r  a t  night"'. It i s  obvious 
tha t  wi th in  the  cur ren t  s ta te  of the  art  tha t  the  above capabi l i ty  requires  a 
la rge  number of compromises, and a cos t  which a t  t h i s  time i s  prohibi t ive.  A t  
t h i s  t ime, also,  the role of man i s  best  determined for  the specif ic  re-entry 
and mission. 
Probably the most c r i t i c a l  problem regarding man's role in the re-entry phase 
of space f l i g h t  i s  the  development of procedures  for  the al locat ion of functions 
t o  man or machine. The problem is  not simply one of determining those functions 
tha t  man can perform, but one of determining the tradeoffs which exis t  within the 
mission context between those control functions which must be accomplished with 
respect  to  those which man is  able to perform as they  af fec t  the  to ta l  success  
of the mission. It i s  i n  t h i s  area that  s imulat ion w i l l  play an important role, 
not only i n  determining the abi l i t ies  of  the human in  spec i f i c  s i t ua t ions  bu t  
a l s o   i n   s e t t i n g  up the parameters of the system within which the  man must per- 
form. There are  then,  a t  least two areas  which must be investigated and two 
types of information which must be avai lable  in  order  to  set up rat ional  pro-  
cedures for  the  a l loca t ion  of  func t ions :  
1. Knowledge  of the performance of man and  machine in  spec i f ic  cont ro l  
s i tua t ions ,  and 
2. Knowledge of the  spec i f ic  system mission in  o rde r  t o  assess  the nature  
of the required tradeoffs.  
An example i s  the  low L/D l i f t ing vehicles  designed for  orbi ta l  missions.  It 
has been pointed out (Ref. 12) t h a t  such vehicles have high touchdown speeds, 
high approach speeds and steep glide angles which demand a great deal of concen- 
t r a t i o n  and precision from the pi lot  during the landing maneuver. In  s tudies  by 
Matranga and Armstrong (Ref. 76) , and Bray, Drinkwater and White (Ref. 67) em- 
phasis was placed on the importance of minimizing the pilot 's  tasks during the 
landing maneuver a t  low l i f t - d r a g  r a t i o s .  The point here i s  t h a t  man i s  not 
eliminated because he i s  t o t a l l y  unable t o  perform the task but because of the 
task loading and the  c r i t i ca l  na tu re  of the  maneuver during this phase. Another 
indicat ion of  the effor t  t o  reduce the amount of  manual pa r t i c ipa t ion  in  ce r t a in  
re-entry vehicles i s  found i n  a paper by Johnston and Gaines (Ref. 12) describ- 
ing the piloting techniques used i n  t h e  X-15 research airplane.  They point out 
that  because of the l imitation imposed by aerodynamic s t ruc tures  and propulsion 
technology the determination of  optimum approach and landing techniques becomes 
a c r i t i ca l  r e -en t ry  problem. Their approach, which i s  applicable t o  vehicles 
such as Dyna-Soar and Apollo, i s  to use an optimization technique that selects 
t h a t  approach and f l a r e  or pullout ,  which minimizes the  p i lo t  t a sk  by  v i r tue  of 
the nature  of the technique. Here again knowledge of the mission objective and 
the vehicle must be obtained in order to reasonably allocate functions since it 
i s  the  vehic le ' s  ex te rna l  geometry tha t  a f fec ts  the  func t iona l  cont ro l  system 
design. 
Before proceeding further it might be valuable i n  terms of the overall ap- 
proach of this  paper  t o  make  some general  orienting comments about the adopted 
view of the  ro le  of  man i n  space systems. A great deal has been written about 
t he  ro l e  of man in space and the  ju s t i f i ca t ion  fo r  h i s  be ing  the re .  With t h i s  
has  a lso come the statements concerning the usefulness of man i n  space in terms 
of those things which he can do bes t  or which are supposedly peculiar to man. A 
l i s t i n g  o f  the  des i rab le  charac te r i s t ics  a t t r ibu ted  t o  man and assumed t o  be use- 
fu l  i n  space missions would point  out  that  man i s :  
1. adaptable to a broad  range  of f l i gh t  con t ro l  systems 
2. a good decision maker 
3. able  to  deal  with unknown o r  unexpected occurrences 
4. a good observer,  reporter and  communication l i n k  
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5 .  capable of serving as a backup control for important subsystems 
6. useful as a f i l t e r  f o r  unimportant o r  incorrect information 
7 .  valuable in maintenance and repair, and the correction of malfunction 
8. valuable  in  space  rescue  operations 
9. capable of good servo element characteristics in the guidance and control 
sys t e m .  
This l i s t  i s  representative,  but not exhaustive of the abil i t ies often cited in 
favor of man i n  t h e  system. These a r e  no doubt true statements about certain as- 
pects  of man's capabi l i ty ,  but  the posi t ion taken here  i s  t h a t  any  spec i f ic  ab i l i ty  
i s  only important and useful when considered in terms of the specific mission re- 
quirements and the u t i l i t i e s   a t t a c h e d   t o   c e r t a i n   a s p e c t s  of the mission which may 
o r  may not  be related to  the "facts"  o f  t h e  r e l a t i v e  a b i l i t i e s  of man or machine. 
Our purpose then i s  no t  t o  ju s t i fy  the  ro l e  of our usefulness of man during re- 
en t ry  maneuvers b u t   t o   t r y  and focus on the kind of information that would be 
needed i n   o r d e r   t o  make a reasonable allocation of function to man or machine, 
i n  terms of the mission requirements. 
R€C-ENTRY, APPROACH AND LANDING 
As  previously pointed out, aerodynamic heating, deceleration, and the control 
of the time and locat ion of landing characterize the problems of  the re-entry man- 
euver up t o  t h e  approach and landing phase. The severi ty  of  the re-entry and land- 
ing i s  d i r ec t ly  r e l a t ed  to  the  type  of vehicle used. When the vehicle encounters 
the  atmosphere the shock wave a t  the nose of the vehicle causes high temperatures. 
With ball ist ic or steep angle entry the vehicle reaches the lower and denser at- 
mosphere i n  a very short time while a shal lower l i f t ing entry into the atmosphere 
takes longer to reach the lower and denser atmosphere. The problem of control 
during re-entry becomes more complex as the vehicle L/D increases from zero to  2 
o r  3 and the configuration changes from tha t  of a blunt body of revolution, to 
t h a t  of  a winged, airplane-like shape. The nature and complexity of the control 
problem of l i f t ing re-entry vehicles  has  thus far only been available for study 
through simulation. The b a l l i s t i c  f l i g h t s  of Project Mercury provide only limited 
ins ight  in to  the  problem of manned l i f t ing  re -en t ry  vehic le  cont ro l .  Glenn demon- 
s t ra ted ,  however, t h e   a b i l i t y   t o  manually or ien t  the  Mercury vehicle  for  the 
proper re-entry att i tude,  but once the retro-rockets  were f i red  the  vehic le  had 
no control over i t s  trajectory,  loads or landing point.  Where r o l l  a t t i t u d e  con- 
t r o l  i s  not necessarily required f o r  a non-l i f t ing body, it must be controlled or 
modulated on a l i f t i n g  body i f  the landing area i s  t o  be predicted even approxi- 
mately. Also, t he  p i t ch  and yaw att i tude control requirements of a non-l i f t ing 
body are less stringent.  Several  experiments have shown t h e  c r i t i c a l  c o n t r o l  
s i tua t ions  which may develop  during  re-entry.  (Refs. 67,  76) .  Using s ta t ionary  
and moving f l igh t  s imula tors  and aerodynamic configurations representing a boost- 
gl ide vehicle ,  the X-15 and a blunt-body-type vehicle, it was found t h a t  c r i t i c a l  
control situations developed a t  high angles of attack and involved coupling be- 
tween the  l a t e ra l  con t ro l  and the aircraf t  direct ional  response.  With accelera- 
t ions greater than about 4g when t h e   p i l o t  w a s  control l ing a l i g h t l y  damped 
vehicle ,  his  t racking performance deter iorated markedly. In another study 
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( R e f .  61) of fixed base and in-fl ight simulations of longitudinal and lateral- 
d i rec t iona l  handl ing  qua l i t i es  for  p i lo ted  re -en t ry  vehic les ,  the  ab i l i ty  of  the  
p i l o t   t o   c o n t r o l  a wide range of conditions was demonstrated. 
The role of t h e   p i l o t   i n   r e - e n t r y   b e g i n s   j u s t   p r i o r   t o   e n t e r i n g   t h e  atmos- 
phere or the application of de-orbit  thrust i f  enter ing from an orbit  rather than 
d i r ec t ly  as from a luna r  o r  a deep space mission. With r e spec t  t o  en t r i e s  from 
near-ear th  orbi ts  the main problems are concerned with limiting deceleration and 
heating, and range c o n t r o l  t o  a successful landing. For di rec t  re -en t ry  from 
deep space, variations in re-entry point, re-entry angle, and re-entry plane must 
be considered, therefore, the vehicle must have t h e  a b i l i t y  t o  c o n t r o l  i t s  range 
a f t e r  r e -en t ry  in  o rde r  t o  ach ieve  the  des i r ed  touchdown point.  An addi t ional  
r e s t r i c t ion  i s  placed on re-entry calculat ions when enter ing a t  supercircular  
speeds because of the tendency of the vehicle t o  s k i p  o r  be thrown out of the at- 
mosphere by the  cent r i fuga l  forces  which overcome t h e  e a r t h ' s  a t t r a c t i o n .  This 
r e s u l t s  i n  an overshoot limit in the re-entry angle ,  and when combined with the 
undershoot limit, forms the corridor through which a successful re-entry can be 
made. 
A valuable role of simulation as i l l u s t r a t ed  by  the  above s tudies  i s  i n  
specifying the boundary conditions within which certain levels of performance 
are required and assessing man's effectiveness within these bounds. In terms of 
a l locat ion of  funct ion and determining the point in the control loop where man 
may  make his  greatest  contr ibut ion,  the use of  s imulators  i s  invaluable. An area 
of extreme importance and one where the simulator could be used to specify bound- 
ary conditions i s  in  tha t  por t ion  of  the  t ra jec tory  from e n t r y  t o  p u l l  up, s ince 
t h i s  phase determines the peak heat rates, the peak loads, both of which const i -  
tu te  condi t ions  of  s t ress  for  man, and the  en t ry  cor r idor  which i s  used as a mea- 
sure of the necessary guidance requirements to  achieve  a sa t i s fac tory  en t ry .  It 
i s  almost impossible t o  make any reasonable specific suggestions in terms of man- 
ua l  cont ro l  modes during this phase unless w e  consider the mission and the vehicle  
configuration. The d i f f i c u l t y  of allocating functions under these conditions can 
readi ly  be seen. We can, however, as previously pointed out,  establish boundary 
conditions which may be used t o  determine performance limits of  e i ther  man o r  
machine thus minimizing t o  some extent  the problem of function allocation. 
The approach and landing consists of four phases, a posi t ioning phase,  f inal  
approach, the landing flare or pullout and the decelerat ion to  touchdown. During 
the posi t ioning phase,  the vehicle  f l ies  a pre-planned path so t h e  f i n a l  approach 
can be made a t  the desired airspeed,  a l t i tude and posi t ion above the  ground. Dur- 
i ng  th i s  t ime the pilot  can check his posit ion and make whatever corrections are 
necessary t o   l a n d  a t  the desired point .  
In  the  f ina l  approach the vehicle maintains a constant airspeed and steady 
state glide aligned with the runway and aimed a t  a point  near  the runway threshold. 
A t  a predetermined alt i tude in the final approach the pullout i s  made which i s  
continued until  the rate of descent i s  a r res ted  and accelerat ion i s  reduced t o   l g .  
During t h i s  t i m e  t h e  p i l o t  t r i e s  t o  make t h e  f l a r e  as c lose  to  the  ground as pos- 
s ible  without  actual  contact .  The final phase of deceleration and touchdown i s  
essent ia l ly  lg  f l igh t  pa th  g l ide  dur ing  which the  p i lo t  cont ro ls  the  s ink  ra te  
until ground contact i s  made.  The landing technique described above was developed 
a t  NASA Ames f o r  low L/D vehicles.  It has been used in  the s imulat ion of X-15 
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character is t ics  using an F-104A ( R e f .  12) and a t  the Martin Company i n   t h e i r  
Lifting Re-&try Vehicle Simulation Program (Ref. 249). 
There a r e  many s tudies  which suggest a u s e f u l   r o l e   f o r  man during re-entry 
and landing, and there i s  considerable evidence that the success and cer ta in ly  
t h e  r e l i a b i l i t y  of the mission would be enhanced by having man aboard. J u s t i f i -  
ca t ion  for  man has  la rge ly  been a matter of simply stating those things that man 
does well or which character ize  man (e.g. ,  adaptabili ty,  decision making, e t c  .) 
as valuable  in  the system. It would seem  more profitable not only in terms of 
jus t i fy ing  the  use  of man b u t   i n  terms of designing better systems to demonstrate 
within the context of a particular mission and type of  vehicle  the specif ic  ways 
i n  which man can contribute. Herein l ies the tremendous importance and necessi ty  
for  s imulat ion s tudies .  
PJC-ENTRY VMICLES 
The sever i ty  of the re-entry problem i s  t o  a large extent determined by the 
design of the vehicle.  A c lear  d i s t inc t ion  can  be made between b a l l i s t i c  and 
l i f t i n g  body type vehicles,  and it i s  t h e  l i f t i n g  v e h i c l e  which provides the most 
challenging control problems. A number o f  l i f t i n g  body re-entry configurations 
have  been proposed wi th  varying degrees of aerodynamic control .  A t  l e a s t  t h ree  
types are distinguishable:  
1. A configuration representing a boost-glide vehicle such as the  or ig ina l  
Dyna-Soar (general ly  vehicles  with the del ta  wing s ty l e )  
2. The X-15 type  vehicle 
3. Blunt body type vehicles with varying degrees of l i f t .  
It i s  c lear  tha t  the  des ign  of  the  vehic le  i t se l f  w i l l  have a s igni f icant  
e f f ec t  on the  ro le  and effectiveness of the human operator ,  l i f t ing versus  non- 
l if t ing vehicles being an obvious example.  With the advent of l i f t i ng  r e -en t ry  
vehicles with moderate values of hypersonic L/D, the  problem of deceleration loads 
w i l l  b e  l e s s  c r i t i c a l .  With wider re-entry corridors and bet ter  ranging capabi l i ty ,  
the overal l  control  problem w i l l  be  a l leviated.  However, the higher L/D vehicles 
generally make re-entry more complex, espec ia l ly  in  respec t  to  the  cont ro l  ac t ions  
required by the human operator.  Atti tude control i s  e s p e c i a l l y  c r i t i c a l  i n  l i f t -  
ing  body type vehicles. Re-entry complexity also increases as vehicle configura- 
t i o n  changes from tha t  of  a blunt  body of revolution to that of a winged, airplane- 
type shape. Thus, the particular type of re-entry vehicle w i l l  be a major con- 
s idera t ion  in  the  a l loca t ion  of  func t ions  to  manual o r  automatic control modes. 
A blunt body has   l e s s   va r i a t ion   i n   s t a t i c   s t ab i l i t y   t han  a winged vehicle and 
requires a l e s s  complicated control system. It has been pointed out (Ref. 250) 
t h a t  a blunt  body could probably re-enter with nothing but a r a t e  damping system. 
From the point of view of handling quali t ies,  high L/D vehicles need more sta- 
b i l i t y  augmentation than blunt bodies. High L/D vehicles generate an increasing 
amount of l i f t  during re-entry which means t h a t   r o l l  and angle of a t tack  and pos- 
s ib ly  p i t ch  a t t i t ude  must be closely controlled i f  the  flight path i s  t o  be f o l -  
lowed. A comparison of the  cont ro l  system of the Mercury and X-20 vehicles 
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i l lus t ra tes  the  re la t ive  complexi ty  of  the  l i f t  versus non-lif t  vehicle.  The 
Mercury re-entry followed a b a l l i s t i c  and almost uncontrolled path whereas the 
X-20 entered by gliding through the atmosphere as a winged vehicle and was thus 
s u b j e c t   t o  a l l  t he  s t ab i l i za t ion  and control  problems of a vehicle with low 
aspec t  ra t io  and high speed. As  described by Secord ( R e f .  250) t he  X-20 p i l o t  
had a choice of four modes of  f l igh t  cont ro l  opera t ion .  
1. lknual Direct Mode-used s t i c k  f o r  changing control surface posit ion,  
rocket  thrust  vector ,  o r  reaction control operation - no augmentation 
i n   t h i s  mode. 
2. Pilot-Selectable Gain Mode - a t h r e e  a x i s  s t a b i l i t y  augmentation system 
was ac t iva ted  in  p lace  of the manual-direct system. The augmentation 
system controlled aerodynamic surfaces, rocket nozzles, and reaction 
j e t s  i n  r e sponse  to  gyro and accelerometer commands.  Tne p i l o t  commanded 
the vehicle  ra te  for  s t ick displacement  and selected the system loop 
gains  for  the MACH number range through which h e w  f lying.  
3. The  Manual-Augment Mode - was ident ical  with the pi lot-selectable  gain 
mode except that  the system loop gains were computed automatically by 
the  f l igh t  cont ro l  e lec t ronics .  
4. The Automatic Mode - was ident ica l  wi th  the  manual-augment mode except 
tha t  ou ter  loop  s igna ls  were accepted from the guidance system t o  c o n t r o l  
angle of a t tack ,  s ides l ip  angle ,  and ro l l  ang le .  These three angles were 
programmed for automatic re-entry, and the  f l igh t  cont ro l  e lec t ronics  
automatical ly  directed the vehicle  to  fol low the programmed guidance com- 
mands. 
These four modes of  the  X-20 are  indicat ive of  the modes of control which 
charac te r ize  l i f t ing  vehic les  which must operate under a wide range of f l i g h t  
conditions. A non-lif t ing vehicle of low L/D requires a relatively simple con- 
t r o l  system, probably with fixed gain damping and low precis ion at t i tude control ,  
usually supplied by on-off reaction jets.  A high L/D re-entry vehicle must have 
variable-gain damping and precise three-axis att i tude control.  Secord ( R e f .  250) 
has pointed out that  the vehicle might have been uncontrollable without automatic 
control.  Thus a na tura l  limit is  placed on the  ro l e  of  the human operator, a t  
l e a s t  a t  th i s  t ime.  
Another in te rac t ion  of the type of vehicle and the  resu l tan t  problems of 
manual control  i s  in  cont ro l l ing  the  rate of deceleration. When the  amount of 
deceleration becomes in to le rab le ,  aerodynamic lift must be used, which reduces 
the  r a t e  of  descent and lengthens the path to the ground thus decreasing the max- 
i m u m  deceleration. A s  previously pointed out the performance of t h e  l i f t i n g  
vehicle depends on i t s  L/D, the  more slender the shape, the higher the L/D. For 
a given shape, the L/D i s  determined by i t s  angle of attack. It has been pointed 
out (Ref. 12) that vehicles with an L/D of no more than 2 can be landed anywhere 
i n  an area extending thousands of miles, both forward and l a t e r a l l y ,  from a given 
entry point. Variable l i f t  maneuvers can also reduce the peak deceleration below 
that achieved with a constant L/D. These advantages however are  not  without  their  
cos ts .  One penalty i s  the greater  heat  load at slender low drag shapes which them- 
selves take up a large port ion of the heat produced in  dece lera t ion .  Another 
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penal ty  for  the use of l i f t  i s  increased weight. Another important factor which 
a r i ses  out  of t he  cha rac t e r i s t i c s  of the vehicle  are  the al lowable entry paths .  
A problem which i s  of considerable importance for entry from o rb i t s ,  i s  the  
guidance accuracy required i n   o r d e r   t o  accomplish the  des i red  en t ry  maneuver, as 
f o r  example completing entry on a single pass without excessive deceleration or 
heating. Loh (Ref. 7) expresses  this  problem in the fol lowing way: "Terrestrial 
f l i g h t  i s  to l e ran t  of guidance e r ro r s  accompanying a landing approach, since an 
undershoot i s  readily corrected by a br ie f  appl ica t ion  of power, and an overshoot 
by a return approach. Space f l i gh t  i n  con t r ad i s t inc t ion ,  i s  unforgiving of guid- 
ance error, since undershoot may cause destruction of the vehicle during entry,  
and, i n  a hyperbolic approach, overshoot may result i n  a homeless e x i t  i n t o  space." 
The c r i t i c a l   n a t u r e  of the  cont ro l  problem during t h i s  phase i s  obvious and the  
necess i ty  for  a high degree of automatic contra1 i s  apparent. 
The design of vehicles which can successfully operate in the hypersonic to 
subsonic range naturally leads to performance in the subsonic range that i s  con- 
siderably degraded when compared with conventional airplanes. This requirement 
a l so  imposes severe constraints  on the potent ia l  use of manual control.  Lesko 
(Ref. 12)  po in t s  ou t  t ha t  fo r  t he  f l i gh t  regime extending from o r b i t a l  speeds t o  
subsonic speeds, it i s  essent ia l  tha t  the  vehic le  have good handling quali t ies 
over a l l  range of intended operation and acceptable handling quali t ies beyond the 
range of intended operation. 
In  conclusion,  the par t icular  type and design of  the re-entry vehicle i s  of 
tremendous importance insofar  as it determines the nature of the problems t o  be 
encountered during re-entry. O f  prime importance a re  the  limits of deceleration 
and heating, and  range con t ro l  t o  a successful landing. The effectiveness of 
u s ing  l i f t i ng  veh ic l e s  t o  overcome some of these problems represents a major goal 
of future re-entry vehicles.  Lift ing vehicles also provide the opportunity to 
refine present re-entry techniques.  The problems f o r  t h e  human operator are in- 
deed more complex going from simple a t t i t u d e  c o n t r o l  i n  a vehicle  l ike Mercury t o  
3-axis control necessary in a winged vehicle. 
DISPLAY-CONTROL  PROBLEMS 
The p i lo t ' s  in te r face  wi th  the  vehic le  d isp lays  and controls during the re- 
entry maneuver represents an area of g rea t  po ten t i a l  i n  terms of enhancement of 
the contribution of the human operator. An important function for man w i l l  be 
as a backup t o   c r i t i c a l   c o n t r o l s  and the task-loading in terms of monitoring and 
decision making w i l l  be high. The  human operator can make a number of contribu- 
tions such as: (1) se lec t ing  a l te rna te  modes of  control  in  the event  of failure 
of the on-going system, ( 2 )  selective monitoring of sensing devices which may 
provide cr i t ical  control  information,  and (3) i n  some cases overriding the auto- 
matic system and taking manual control.  These a r e  some areas  where man can con- 
t r i b u t e  t o  o v e r a l l  system r e l i a b i l i t y .  There a re  many events, which could occur 
during the re-entry and landing phase of a mission which could seriously affect  
the success of the mission. The sensing and prediction of corrective or al terna-  
t ive action can be effectively accomplished by the human operator. 
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Display Criteria 
One of the cri t ical  requirements of the re-entry phase i s  the  extreme accur- 
acy and t iming required to  insure re-entry of  the vehicle  without  excessive heat-  
ing as it enters the atmosphere. ' This re-entry phase ends when a safe ve loc i ty  
i s  a t ta ined  a t  which aerodynamic f l i g h t  can be achieved or where drag mechanisms 
can be deployed. Cr i t i ca l  d i sp l ays  fo r  manual cont ro l  of  a t t i tude  w i l l  be dis- 
plays of a t t i tude,  a t t i tude rate , ,  or  angular  accelerat ion commands. By making 
reference to  the appropriate  displays and controls  it w i l l  be necessary to estab- 
l ish or  ver i fy  re-entry condi t ions,  such as posi t ion,  veloci ty  and t ra jec tory ,  
ver i fying the re-entry corr idor ,  ini t ia t ing the countdown and monitoring the 
cr i t ical  navigat ion parameters .  In  terms of  a t t i tude s tabi l izat ion and control  
it w i l l  be  necessary to  es tabl ish and maintain close at t i tude tolerances during 
re-entry thrust  and following burnout,  at t i tude must be varied to achieve the 
desired landing point. 
I n  o r d e r  t o  s e t  up reasonable  cr i ter ia  for  the display of  the necessary in-  
formation for re-entry, the determination of the information requirements must be 
related to  the par t icular  mission and operating modes of the navigation system. 
One of the important functions during re-entry and one which the human operator 
could play a s igni f icant  ro le  i s  a t t i tude  cont ro l ,  and a t  least  three types of 
d i sp l ay  a re  des i r ab le  fo r  manual control  of a t t i tude :  
1. Quant i ta t ive  a t t i tude  ind ica tors  showing vehicle  or ientat ion in  each 
axis with reference to  the desired coordinate  system, 
2. Quant i ta t ive display of  ra te  information for  each  of the three axes,  
3. An in tegra ted  p ic tor ia l  d i sp lay  of vehicle  or ientat ion in  a l l  three axes 
with reference to  some coordinate system, providing i n  a single source 
continuous information regarding vehicle orientation. 
Much development can be expected t o  occur  wi th  regard  to  the  la t te r  type  of 
display used, however, t h e  c r i t i c a l  problem i s  whether o r  not the necessary in- 
formation i s  presented in usable form. I n  a study by Wingrove and Coate (Ref. 49) 
a predictor type display was used i n  a problem a t  guiding maneuverable vehicles 
through a planetary atmosphere t o  a desired touchdown point without exceeding 
temperature and acceleration limits. In  th i s  s tudy ,  des t ina t ion  was presented 
on the  p i lo t ' s  d i sp l ay  in  r e l a t ion  t o  the predicted range capabili t ies of the  
vehicle  ra ther  than in  geocentr ic  la t i tude and longitude. The t a rge t  i s  pre- 
sented as a p ip  on the display,  which appears t o   t h e   p i l o t  as though he were 
looking through a window in  the  veh ic l e  as it approaches i t s  dest inat ion.  The 
fixed face of the display indicates the locus of end points ,  with respect  to  the 
dest inat ion,  a t  which the vehicle would land i f  a given combination of r o l l  angle 
and trim angle of a t t ack  (L/D) were he ld  cons tan t  for  the  res t  o f  t h e  f l i g h t .  
When the dest inat ion pip i s  in  the  cen te r  of the  maneuver capabi l i ty ,  the  p i lo t  
has 50% of  the  cont ro l  capabi l i ty  ava i lab le  to  make correct ions.  In  addi t ion,  
two limits were also presented on the  d isp lay  re la ted  to  the  two L/D's which 
would cause excessive deceleration (above log) or cause the vehicle to skip back 
out of the atmosphere. In a simulated re-entry task, pilots used this guidance 
display in  conjunct ion with trim and bank angle indicators.  The pi lots  considered 
the  system sa t i s fac tory .  The only pi lot  funct ion was a simple one of closing the 
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control loop between the  bank and trim angle indicators and the navigation dis- 
play which meant occasionally changing t r i m  condi t ions during the t ra jectory.  
A br ief  descr ipt ion of  the major displays and controls applicable to re- 
en t ry  and their  use by the operator follows. The display w i l l  be described only 
i n  terms of i t s  general function (e.g. , at t i tude indicat ion)  ra ther  than i t s  
specific type (e.g., sphere with 3 axes freedom, ver t ical  needle  displaying rol l  
error,  horizontal  needle displaying pitch error,  etc.) .  
At t i tude Indicator  and Control-  used t o   c o n t r o l   a t t i t u d e  manually o r  i n  
automatic mode. 
Body Rate Indicator - used t o  l i m i t  r a tes  to  conserve  fue l  and provide a 
means of emergency control  of vehicle in case of manual maneuvers. 
Accelerometer - used t o  monitor acceleration during re-entry and as a means 
t o  manually control re-entry in event of failure of primary inertial  guidance 
system. 
Mode Sequence Display - used t o  monitor time course of  automatically se- 
quenced events. 
Altimeter - disp lays  a l t i tude  and used t o   v e r i f y  nominal a l t i t u d e  p r o f i l e .  
Velocity Indicators - used t o  check i f  nominal rates are being followed. 
Angle of Attack Indicator - provides a reading of angle of  a t tack.  
Cross Range Posit ion and Velocity Indicator - provides a means t o  continu- 
ously check the operation of the inertial guidance system. 
This l i s t  of displays and associated controls i s  by no  means exhaustive but 
represents those used for the primay control of the vehicle. In a l l  cases con- 
siderable monitoring, checking and adjustment are required. The performance of 
the  human operator must be assessed not only in terms of isolated specific con- 
t r o l  actions required for successful re-entry but also in terms of the t o t a l  task 
loading occurring a t  the time the re-entry must be performed. There a re  many 
auxi l iary s ta tus  displays that  must also be monitored concurrently. 
Monitoring and Decision Making 
A primary factor determining the level of man's par t ic ipat ion during re-  
entry are the control requirements.  The relat ionship between control require- 
ments and particular types of re-entry vehicles has already been discussed. 
However the general control requirements in terms of the potential need for 
monitoring and decision-making or  in  d i rec t  cont ro l  ac t ion  by  the  human operator 
can be described in terms of the mode of control; i .e.,  automatic, manual or  re -  
programming. In automatic control man's function w i l l  be  so le ly  tha t  of a moni- 
t o r  and backup in  case  of  fa i lure  of the automatic system. H i s  ro le  w i l l  be t o  
detect  deviations of certain prescribed functions of the automatic system; e.g., 
normal t ra jec tor ies ,  abor t  condi t ions  (very  d i f f icu l t  dur ing  re -en t ry)  and 
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possibly a class of propulsion programs. Some systems might include a manual 
override. Reprogramming control  consis ts  of  those funct ions where the  human 
operator may contribute to updating the automatic system by inserting new infor -  
mation in to  the  computer. This information i n  t u r n  i s  gleaned primarily by human 
operator generated information about the on-going conditions of the flight. How- 
ever, it is  apparent that during the re-entry phase even the reprogramming func- 
t ions  may have t o  be b u i l t   i n   t o   t h e   e x t e n t   t h a t   c e r t a i n  programs are inser ted  
merely by pressing a but ton or  some combination of automatic or semi-automatic 
functions. This i s  necessary because of the time-critical nature of  re-entry. 
This  fac t  in tens i f ies  even more the  c r i t i ca l  na tu re  o f  human monitoring and 
decision making during re-entry. Thus much of the  reprogramming inputs w i l l  be 
obtained automatically from other sources and transferred manually for computer 
entry.  The unique a b i l i t y  which man b r i n g s  n a t u r a l l y  t o  t h i s  s i t u a t i o n  i s  h i s  
a b i l i t y   t o   c o r r e l a t e  new data  and r e l a t e  it t o  past  information in  a very short  
time. What makes t h i s  c a p a b i l i t y  unique i n  man i s  t h a t  it has already been pro- 
grammed with a long stored history of cor re la t ive  and integrative behavior.  
The third control requirement i s  t h a t  of manual control.  The exact range of 
funct ions that  man w i l l  be able t o  perform manually i s  yet  t o  be determined, how- 
ever ,  avai lable  data  do suggest some fruitful manual functions.  Manual control  
within the context of the re-entry mission refers to those functions that allow 
the  human operator to take over the function of, or override, the automatic 
system. One of the major manual control functions,  especially with the re-entry 
and landing of  l i f t ing vehicles  i s  in  cont ro l  of  a t t i tude  s tab i l iza t ion  and th rus t  
programming of the propulsion systems. Another important factor regarding the 
amount and kind of manual control concerns the operating mode of the navigation 
and guidance system. The question here concerns the particular sequence or pro- 
cedures used i n  performing a par t icular  funct ion with a certain piece of equip- 
ment. For  example, when the automatic control system i s  operating as it should, 
the role  of  the human operator i s  as a monitor, however, i f  it fai ls  o r  malfunc- 
t i o n s  i n  some  way the  human operator must be ready to  take  over .  
The precis ion and speed of response requirements during re-entry and landing 
make the question of what cons t i tu tes  the  most useful  form of  display an impor- 
tant consideration. The pilot  requires body-rate and att i tude information of 
high accuracy and presented s o  as t o  minimize perceptual motor problems. The use 
o f  integrated display systems, quickened, and command display devices should aid 
i n  t h e  performance of the  a t t i tude  cont ro l  task  by the  crew. It seems c l e a r  t h a t  
the eff ic iency with which t h e   p i l o t  performs w i l l  be determined by the quality of 
the displays and controls a t  his  disposal .  The use of a window to provide a 
means of external  vis ibi l i ty  has  been shown t o  be important; for example, John 
Glenn used a window t o   a i d   i n  maintenance of attitude. This should prove to be 
even more important when t h e   p i l o t  i s  confronted with the task of landing a 
vehicle entering from space. Other studies have made similar conclusions con- 
cerning the use of a window ( c . f .  Ref. 237). The number and types of interfaces 
with the vehicle displays determines the nature of and the eff ic iency with which 
monitoring and decision making funct ions are  carr ied out .  One study has shown 
(Ref. 237), f o r  examgle, t h a t  when body rate information i s  displayed the manual 
control  of a t t i t u d e  maneuvers i s  s igni f icant ly  be t te r  than  wi thout  the  a id  of 
body-rate information. An important function of simulation in future research 
should be t o  determine the type of information required by the operator t o  suc- 
cessfully control the vehicle during re-entry.  
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TRAINING  THROUGH SIMULATION 
The problem of training of the human operator and of assessing his perform- 
ance cha rac t e r i s t i c s  and capab i l i t i e s  i s  approached mainly through f l i g h t  simula- 
t ion.  The t a sk  of specifying what the nature  of  the t ra ining w i l l  be and the  
method t o   b e  used br ings in  not  only the nature  of  the control  process  i tself ,  
bu t  a l so  the  problem of performance measurement and evaluation. The immediate 
and specif ic  need in  the area of re-entry simulation i s  a more complete defini- 
t ion of  what i s  t o  be simulated. One of the areas which appears most important 
in  re-entry s imulat ion i s  t h a t  of energy management functions and a t t i t u d e  con- 
t ro l  dur ing  re -en t ry  of  l i f t ing  vehic les .  The simulator can aid in determining 
what displays and controls  the operator  w i l l  need and whether or  not  a given 
function i s  best accomplished by an automatic system, a p i l o t ,   o r  a combination 
of both.  In many instances it w i l l  be necessary to use simulators which simu- 
la te  the specif ic  condi t ions of  a given mission although this i s  always not nec- 
essary  for  va l id  so lu t ions  to  re -en t ry  manual control problems. Entry simulators 
f o r  d i f f e r e n t  atmospheres and environmental conditions, f o r  example, w i l l  con- 
siderably increase the complexity of the simulation problem. In addition, the 
simulation requirements of zero-lif t  vehicles are quite different from those of 
l i f t i ng  veh ic l e s ,  however, future research must consider more and more the prob- 
lems of l i f t i ng  r e -en t ry  veh ic l e s .  Ba l l i s t i c  r e -en t ry  does not provide us with 
much informat ion  about  p i lo t  ab i l i t i es  s ince  a f te r  the  re t ro- rockets  a re  f i red ,  
the vehicle and the operator have no control  over  t ra jectory or landing point.  
A s imulator  that  i s  adequate for the simulation of manual control prcblems 
during re-entry w i l l  incorporate a l l  those  in te r faces  tha t  ex is t  between man and 
machine during the re-entry maneuver. The conditions which must be simulated 
for  t ra ining purposes  must consider speeds which range from Mach 26 a t  i n i t i a l  
entry down into the subsonic range. The f l i g h t  h i s t o r y  would include de-orbit  
and re-entry down t o  an a l t i t u d e  of about 3OO,OOO fee t ,  g l ide  which ranges be- 
tween 3OO,OOO and l50,OOO f e e t  t o  touchdown. Probably the only training the 
p i l o t  w i l l  ge t  w i l l  come from simulators designed to reproduce the conditions 
existing during these phases. The prospect of obtaining generalized cri teria 
for  re-entry s imulat ion seems remote because of the complexity of the data re- 
quired for the simulation of a complete mission and the fact that conditions 
vary for various types of systems. Thus the use of part-task simulators w i l l  be 
of value in  s imulat ing port ions of the mission. A major problem in re-entry s i m -  
u la t ion  i s  in  the visual  s imulat ion of  the condi t ions relevant  to  re-entry.  
Much of the  t ra in ing  for  re -en t ry  manual control  w i l l  continue to be done on 
ground based simulators, as was much of  the  t ra in ing  for  X-l5 f l i gh t s .  In - f l i gh t  
t ra in ing  w i l l  cons is t  o f  f ly ing  vehic les  l ike  the  X-15 since many of the problems 
a re  similar to those faced by a p i lo t  o f  a winged re-entry vehicle.  Mercury 
t r a in ing  w a s  a l s o  done l a r g e l y  i n  ground based simulators. In-flight training 
such as that  obtained from X-15 f l i g h t s  w i l l  be extremely important t o   f u t u r e  
research with regard to manual cont ro l  and  t ra in ing  of  p i lo t s  f ly ing  l i f t ing  re -  
entry vehicles .  Especial ly  important  in  these type of  f l ights  w i l l  be the simu- 
l a t i o n  of emergency conditions,  task loadings and environmental stresses of re- 
entry.  The use of complete mission simulators to  achieve high f idel i ty  mission 
conditions with the relevant contingencies operating in real  t ime w i l l  be an i m -  
portant aspect of simulation training. A f a c t o r  t o  be investigated here i s  the 
decision-making skil ls  necessary within the context of the space mission, and 
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the conditions necessary for optimal decision making. Judging from the  sever i ty  
of the control problems t o  be expected during re-entry it appears  that  one of 
t h e  major functions of the human operator w i l l  be t o  monitor vehicle fl ight con- 
dit ions,  select  various automatic modes of operation and assess and make deci- 
sions about the state of the system. 
Important for future training requirements for re-entry w i l l  be: (1) the  
simulation of those activit ies associated with controll ing and spa t ia l ly  pos i -  
t ioning the vehicle,  (2 )  select ion of the appropriate subsystem function, (3 )  
maintenance, and (4 )  those act ivi t ies  associated with specif ic  mission require-  
ments. A separate problem t o  be invest igated in  this  regard i s  how  much of the 
actual events and conditions of re-entry must be simulated i n  o r d e r  t o  have an 
e f fec t ive  vehic le  for  t ra in ing .  It appears that  a considerable amount  of dynamic 
simulation w i l l  be needed in  order  to  ga in  a representat ive measure of the nature 
of the control problem. Also important for training w i l l  be appropriate simula- 
t ion of  problems of multi-man crews in  order  t o  determine the extent of interac-  
t ion necessary between the  crew members i n  terms of monitoring, decision making 
and control functions.  
An indicat ion of current  research in  re-entry i s  given in  the annotated 
bibliography which summarizes some of the representative problem areas.  
ESCAPE 
Each phase of a space f l i g h t  mission has i ts  own hazards in terms of both 
equipment f a i l u r e  and human error, re-entry being one of the most c r i t i ca l  phases .  
Task loading during re-entry, even under normal conditions i s  heavy which makes 
an emergency condi t ion  dur ing  th i s  phase  espec ia l ly  c r i t i ca l ,  and manual reaction 
i s  l i ke ly  to  be  slow while the effect of failure i s  l ikely to  be very rapid.  It 
i s  very  l ike ly  tha t  a system similar t o   t h e  ASIS (Abort Sensing and Implementation 
System) used i n  t h e  Mercury system w i l l  be required. In the event of a malfunc- 
t i o n  it i s  doubtful that  the astronaut could detect  it in t ime t o  take abort ac- 
t i on ,  and i f  he were able to abort  his response t imes would not be short enough 
to  separate  safely from an exploding booster. 
Some of the hazards involved in escape a t  h igh  a l t i tude  from very high veloc- 
i t y  a i r c r a f t  i n c l u d e  tumbling and spinning, low atmospheric pressure, wind b l a s t ,  
deceleration and low temperature. It i s  f e l t  ( R e f .  205) t ha t  t he  e f f ec t s  o f  
tumbling and spinning may present problems which a r e  d i f f i c u l t  t o  resolve. Some 
s o r t  of s tab i l iza t ion  of  the  man in descent from high  a l t i tudes  may be required 
even when enclosed i n  a capsule ,  in  order  to  prevent  the man from reaching rota- 
t ional speeds beyond his physiological tolerance.  An analysis  by Haber (Ref. 204) 
indicates  the magnitude of  the  problem of escape and survival. He s t a t e s  t h a t  
“ I n   f a l l i n g  from an al t i tude over  100,000 f e e t  a body a t t a i n s  a speed greater than 
t h a t  of sound but  a r r ives  a t  sea level with a f i n a l  speed around 100 mph. Also, 
where does the body lose a l l  i t s  speed? For a closer  invest igat ion of t h i s  prob- 
lem, take  for  example a f a l l  from 3OO,OOO f e e t  and d i r ec t  a t t en t ion  to  the  dece le ra -  
tion encountered during the f a l l .  In the beginning of the f a l l ,  the body i s  weight- 
less because there i s  no force supporting it. Speed i s  picked up, rapidly attaining 
a maximum in  order  of Mach 3, and i s  then decelerated to terminal velocity.  The 
cause for the change in  ve loc i ty  i s  the a i r  drag which r i s e s  as the  body gains 
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speed and loses altitude. The air resis tance soon exceeds the weight of the body, 
and the accelerat ion turns  into decelerat ion which, in  this  case,  reaches a value 
as high as 3g t o  4g. Deceleration then falls  back close to lg.  Deceleration of 
3g t o  4g l a s t i n g  f o r  1 t o  2 minutes are tolerable.  Considering again the case of 
man ar r iv ing  a t  the  top  of the atmosphere with escape velocity, the maximum decel- 
e ra t ion  i s  found t o  be in  the order  of  3OOg.  Nobody could withstand this.  It can 
no doubt be considered just a braking effect  of t he  atmosphere but it must be con-. 
sidered a crash. Such a coll ision with the atmosphere would g ive  r i s e  to  a l l  the 
detrimental consequences. Thus, it i s  an  as tonish ing  fac t  tha t  a man f a l l i n g  from 
outer space back t o   e a r t h  would have a speed a t  sea level,  safe for parachute land- 
ing, but he would not  survive to  this  point  because he i s  f i rs t  subjec ted  to  the  
fa ta l  impact of encountering the atmosphere." 
Haber a l so  makes a very important point concerning escape capsules within the 
vehicle. Because a capsule has a greater drag area loading than a human body, the  
capsule w i l l  experience higher g forces during deceleration in free fa l l .  There- 
fore,  the design of the capsule or other escape device becomes extremely important. 
It  should not be made too sleek, but should have air brakes o r  a small parachute 
in  order  to  increase  the  a i r  resis tance from the beginning of the fall .  In the 
event a manually operated escape device i s  used, considerable attention must be 
given t o  t h e  p i l o t ' s  a b i l i t y  t o  manually operate it. It should be readily access- 
i b l e   f o r  use and should not involve an unusual effort f o r  the man t o   f r e e  himself 
from restraint  systems. It i s  obvious tha t  a means i s  necessary for protecting 
the body from the forces induced by re-entry. 
The success of escape during re-entry a t  t h i s  time remains slim and consider- 
able research and testing of various concepts and systems must be accomplished. 
This area i s  indeed one of the most important in terms of future research needs. 
FUTURF: RESEARCH NEEDS 
A s  previously pointed out, a logical extension o f  our present manned space 
f l i g h t  programs w i l l  be the use of l i f t i n g  body type vehicles where the landtng 
s i t e  can be chosen with a great  deal  more f lex ib i l i ty  than  ba l l i s t ic  type  vehic les .  
The increased complexity and c r i t i c a l i t y  of the overall  control problem -- especi- 
a l ly  those funct ions where many might play a ro le  -- makes it necessary to under- 
take research programs which w i l l  lead thadevelopment of the specific vehicle,  
so that  the information necessary for  the rat ional  a l locat ion of  funct ions w i l l  be 
available before the actual vehicle i s  designed and constructed. The need f o r  
basic design information, whether of a human factors  nature  or engineering infor- 
mation, t o  be avai lable  a t  the beginning of the system development cycle has long 
been recognized, however, t he  f ac t  t ha t  t he re  w i l l  probably be no f l i g h t  t e s t s  of 
actual  vehicles  i n  space makes it even more c r i t i c a l  that  a l l  necessary informa- 
t i on  be avai lable  as ea r ly  in  the  development of the vehicle and t ra in ing  programs 
as possible.  
The information which must be developed from future research wi th  respec t  to  
the role  of  man during re-entry or space f l i gh t  i n  gene ra l ,  w i l l  be r e l a t e d  t o  a 
large degree to the progress made by engineers and physical scientists concerned 
with such problems as: the nature and structure of planetary atmosphere, aerody- 
namic plasmas formed by the  shock wave heating of gas,  the thermochemical s ta te  of  
the  gas  which envelopes the vehicle in the shock layer, aerothermoelastic effects 
on vehicle structural  response and aerodynamic performance, and low speed aerody- 
namics important during the landing and re-entry phase. All of these areas are 
important in  determining the control labi l i ty  of  the vehicle  and ind i r ec t ly  the  
role of man. As an example w e  may cons ider  the  d i f fe ren t ia l  e f fec ts  of various 
planetary atmospheres. It has been estimated (Ref. 12) t h a t  t h e  touchdown speed 
f o r  Mars would be 2.2 t imes  tha t  of  ear th ,  whi le  tha t  of Venus i s  26% o f   t h a t   f o r  
ear th .  The rate  of  change of ve loc i ty  in  the  dece lera t ion  phase  would be re- 
duced t o  40% of the value of Earth a t  Mars and 90% a t  Venus. 
For the purpose of discussing the future research areas of importance to man- 
ual control during re-entry,  four major topic areas w i l l  be used; they are: Manual 
Control Studies, Training Research, Simulation Studies and Behavioral Studies of 
Basic Processes. 
Manual Control Studies 
The future  research in  this  area should move i n  two general  direct ions.  .Firs t ,  
studies should be undertaken to isolate the specific behaviors involved in manual 
control  under  the condi t ions relevant  to  re-entry;  for  example, various degrees of 
deceleration and vehicle configurations and other environmental stresses such as 
heat  and  speed  and precision requirements associated with re-entry.  This f irst  
c l a s s  of s tudies  i s  concerned not directly with the system output but rather with 
the specific behavioral requirements under these conditions. The emphasis i s  
placed on modifying the behavior of the human operator rather than the vehicle 
subsystem in  order  to  achieve  the  des i red  resu l t s .  The purpose of these studies 
i s  no t  t o  make general statements about manual control but to bracket the range of 
behaviors which  might be expected from the specif ic  condi t ions imposed. I n  t h i s  
respect  the s tudies  are  referenced to  par t icular  types of  missions and vehicles.  
Also needed, however, a re  s tud ies  which invest igate  what Muckler (Ref. 248) c a l l s  
the llMicrostructure" of control behavior. It may be  tha t  the  grea tes t  po ten t ia l  
long-term gain w i l l  come from studies  designed to  isolate  the basic  behavioral  
components involved in  manual control .  The second c l a s s  of studies should be con- 
cerned with the manual control problems associated with a specific mission using a 
spec i f ic  vehic le  opera t ing  in  a particular atmosphere,  etc.  The objective here i s  
no t  t o  e s t ab l i sh  a range of condi t ionssbut  to  del ineate  specif ic  problem areas  and 
determine the manual control  problems f o r  a given mission and vehicle configuration. 
Whereas the  f irst  c lass  of  s tud ies  might be concerned with the attitude control 
problem as a function of varying L/D the second class i s  concerned with a vehicle 
with a given L/D. 
It i s  clear  that  these s tudies ,  with the possible  except ion of  those deal ing 
with the microstructure of control behavior, do not represent new a reas  in  manual 
control research. The object ive i s  t o  extend those principles and prac t ices ,  
which we have already found t o  be effect ive,  to  the condi t ions to  be expected in  
the  fu ture .  In  some cases,  however, t h i s  may involve generating new data, pro- 
cedures and principles. 
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Training Research 
A problem which e x i s t s   i n  many areas of research, manual control  research in  
particular,  concerns the behavioral  state of the subject with regard to the behav- 
i o r s  t h a t  a r e  assumed t o  be important t o  t h e  problem under study. Stated simply 
the question is: Should we use naive subjects or should we use t ra ined subjects ,  
(e .g . ,  t ra ined  p i lo t s  versus  co l lege  f reshen)?  Par t  o f  the  problem i s  a r e s u l t  
of a misunderstanding of the research objective.  If, f o r  example, w e  are in t e r -  
es ted  in   the  microstructure  of control behavior it would be   per fec t ly   va l id   to  
use subjects who had no experience with the control task or other relevant con- 
t rol  behaviors  s ince one of the object ives  would be developing procedures whereby 
the specif ic  behavior  required to  perform the task eff ic ient ly  would be isolated.  
This does not mean, however, t ha t  t he  same statements could be generalized to con- 
dit ions other than those under which the behaviors were exhibited. This d is t inc-  
t i on  i s  analogous t o   t e s t i n g   t h e   v a l i d i t y  of a statement by prediction or control.  
Using the basic functional statement y = f ( X )  under c (under  cer ta in  specif ied 
condi t ions) ,  t es t ing  by predict ion would s t a t e   t h a t   f o r  new conditions, N ,  then 
when c and x = XN then YN = f ( X N )  . In  tes t ing  by  cont ro l  we would s t a t e  t h a t  
y = f ( x )  under C .  If f o r  new condition, N ,  we wish t o  have y = y'n,  then set  c 
and x = XN and STJ = f ( X N )  should result .  It i s  clear  that  the control  method i s  
stronger since i f  you know X you can know y b u t   i f  you know y you cannot specify 
X. Thus, i f  we  know the basic behavioral components of control behavior;  i .e. ,  
i t s  microstructure, we can set  up the conditions necessary to get a certain type 
of behavior. 'Ibis does not mean, however, that  use of t ra ined subjects  in  manual 
control research i s  not profitable,  in fact ,  the inherent complexity of the be- 
havior might necessitate using subjects who already have the appropriate behavior 
and then  t ry ing  to  i so la te  the  c r i t i ca l  behaviors  for  more intensive study. 
The purpose of the above discussion is  to  ind ica te  the  k ind  of research prob- 
lem involved in specifying the training requirements necessary for a spec i f ic  con- 
t r o l  task versus the requirements necessary t o  be e f fec t ive  as a p i l o t  of a space- 
c r a f t .  Research with naive subjects would seem permissible in determining the 
f i r s t  s e t  of  requirements, however, it would seem to be of  l imited value to  use 
naive subjects in the second case. It i s  here  that  t ra ined and  experienced p i l o t s  
m u s t  be  used. It i s  necessary, however, i n  terms of future requirements t o  pursue 
both avenues of  research in  order  to  es tabl ish t ra ining requirements  for  the man- 
ual  control  problems of fu ture  l i f t ing  re -en t ry  vehic les .  
Simulation Studies 
It i s  apparent that  simulation studies are presently an extremely valuable 
source of information on manual control  and w i l l  continue to be in  the  fu ture .  
In going through the re-entry l i terature with respect to manual control  there  
seems t o  be a t  leas t  th ree  a reas  toward which future simulation studies should 
be directed.  The f i rs t  i s  in the real  t ime physical simulation of representative 
re-entry conditions. These studies are necessary because of the time and preci-  
sion requirements imposed by re-entry and the  f ac t  t ha t  much of the empirical  data 
developed here should be extremely valuable in terms of working back t o  t h e  s t u d i e s  
of the microstructure of control behavior as previously described. The second area 
i s  concerned with attaining simulations which control the conditions closely enough 
to  generate  data  of laboratory quali ty.  The t h i r d  a r e a  t o  which future simulations 
should be directed i s  in determining the level of automation and the  a l loca t ion  
of function. This could be one of the most f r u i t f u l  r e s u l t s  of future  simula- 
t ion  s tudies .  
Behavioral Studies of Performance and Perceptual Processes 
The future  need in  this  area i s  not so much concerned with the specific be- 
havior involved in,  for example, v i s ion ,  s ize  and shape constancy, etc., as it i s  
with the problems which w i l l  come  up in  specif ic  missions.  There i s  a la rge  amount 
of  mater ia l  a l ready avai lable  in  these areas ,  however, there  i s  l i t t l e   t h a t  i s  d i -  
r ec t ly  app l i cab le  to  the  problems t o  be encountered during re-entry or space fl ight 
in  general .  The v i s u a l  a b i l i t i e s  o f  man in the space environment, for example, a r e  
very important, and have been l i t t l e  i n v e s t i g a t e d .  An important effort should be 
devoted t o  t h e  development of techniques, procedures, and equipment fo r  t he  v i sua l  
simulation of the space environment. Another area of importance for which simula- 
t i on  f ac i l i t i e s  shou ld  be developed i s  motion  and distance perception. These fac- 
t o r s  w i l l  be especial ly  important  in  the re-entry and landing phase of l i f t i n g  
vehicles.  Areas of performance needing fu r the r  development concern performance, 
especial ly  manual control,  after long-term missions and the  e f fec ts  of  i so la t ion  
and confinement, performance studies under high task loads and the environmental 
s t r e s ses  of re-entry. 
Conclusion 
It can be seen that the areas for future research are not substantively dif-  
fe ren t  from areas already being investigated.  In fact ,  the point i s  tha t  fu tu re  
research must be directed toward extending our knowledge in  these  a reas  and 
fur ther  del imit ing the problems specif ic  to  pi lot  re-entry guidance and control .  
REPRESENTATIVE S I U T I O N  STUDIES 
This section presents summaries of a few of  the representat ive s tudies  con- 
cerned with the problems of re-entry. Included are purely analytical studies 
done mainly with computer simulation, and studies of a more empirical nature with 
the  human operator performing manual control functions.  The purpose i s  n o t  t o  
i l l u s t r a t e  a l l  of the aspects of the re-entry problems that have been studied but 
only to  present  s tudies  which are representative of the kinds of problems which 
the  human operator might experience in the manual control of a re-entry vehicle.  
Fixed-Base and In-Flight Simulations of Longitudinal and Lateral-Directional 
Handling Qua l i t i e s  fo r  P i lo t ed  Re-Entry Vehicles - ASD-TDR 61-362, Feb. 1964 
This s tudy  u t i l i zed  a high-f idel i ty  f ixed-base ground simulation with evalu- 
a t ions  made by t h r e e  p i l o t s  of longi tudinal  and l a t e ra l -d i r ec t iona l  f l y ing  qua l i -  
t ies  for  the re-entry mission.  In-f l ight  evaluat ions were a l s o  made using a 
three-axis  var iab le  s tab i l i ty  a i rp lane  flown with a two-axis side controller and 
conventional rudder pedals. The purpose of the study was t o  determine minimum- 
acceptable and minimum-flyable boundaries as a function of the individual handling 
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quality parameters. The three-axis  var iab le  s tab i l i ty  a i rp lane  was especial ly  
modified f o r  use as a fixed-base ground simulator. The plane, a T-33, w a s  modi- 
f i e d   i n  such a way t h a t   t h e  system manager, or rear seat  pi lot  could vary the 
handling characterist ics about a l l  three axes by simply changing the setting of 
gain controls located on the console.  The evaluat ion pi lot  was unaware of t he  
changes that had been made.  The cockpit instrument displays and controls oper- 
a ted in  the f ixed-base s imulator  just  as they would in   f l i gh t   excep t   t ha t   an  
analog computer was used t o   s o l v e  modified linear six-degree of freedom equations 
of motion of  the normal T-33 to  rep lace  the  aerodynamic and mass e f f ec t s  of f l i g h t .  
The mission was desc r ibed  to  the  p i lo t s  as the re-entry, descent and landing 
of a re-entry vehicle.  The maneuvers selected as representat ive of  the pi lot ing 
task  were as follows: 
1. 
2 .  
3.  
1. 
2. 
3.  
4. 
5. 
S t ra ight  f l igh t ,  inc luding  small turns ,  pi tch correct ions,  and p i l o t  
induced disturbances about level flight. 
Turning f l i g h t .  Shallow and s teeply banked turns involving heading 
changes of a t  l e a s t  90° and bank angles up t o  600, with  par t icu lar  a t -  
ten t ion  to  the  cont ro l  of pitch angle,  bank angle, and s idesl ip  angle  
as required. 
Tracking task. Track r o l l  and s ides l ip  random inputs and  minimize p i tch  
disturbances (two minutes). 
Summary of Major Results 
For the particular two-axis side controls used, the pilot-selected con- 
t r o l   s e n s i t i v i t i e s   i n  terms of applied aileron and elevator  s t ick force 
agree closely to values previously obtained during in-fl ight evaluations 
with a center  s t ick .  The p i l o t s  were qui te  tolerant  of  a wide range of 
rudder  pedal  control  sensi t ivi t ies .  Sensi t ivi t ies  higher  than optimum 
evoked a sharper reduction in rating than did insensit ive rudder pedals.  
The p i l o t  i s  qui te  to le ran t  of  off-optimum con t ro l  s ens i t i v i t i e s  f o r  the 
re-entry mission, but the desired control sensit ivit ies agree well  w i t h  
those selected in other experiments for the fighter mission. 
The p i l o t  requirements of longitudinal short period dynamics for  re -  
entry are  less  s t r ingent  than for  the f ighter  mission.  
In the evaluation of short  period dynamics for the re-entry mission, 
the  p i lo t  t ended  to  ra te  similar handl ing character is t ics  the same o r  
be t t e r  i n  f l i gh t  t han  in  the  f ixed -base  ground simulator. In some 
regions, however, the opposite was t rue .  
Evaluation and r a t ing  of minimum longitudinal handling characterist ics 
are strongly dependent upon: 
a. The conditions under which the pilot  encounters the poor character-  
i s t i c s  a configuration encountered without init ial  transients pre- 
s en t s  l e s s  d i f f i cu l ty .  
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b.  The  amount  of  training  the  pilot  has  had  in  the  subject  character- 
istics;  i.e.,  his  preparedness for them. 
c.  The  external  disturbances  which  are  present  to  excite  the  configu- 
ration. 
d.  The  amount  of  concentration  required  for  other  piloting  or  manage- 
ment  tasks. 
e. The  length  of  time  which  the  condition  must  be  controlled. 
f. The  task  which  must  be  performed,  including  the  control  precision 
required. 
g.  The  state  of  anxiety  of  the  pilot. 
6. Pilot  comment  data  suggested  that  proprioceptive  cues  of  flight  may  not 
account for  all  differences  between  flight  and  ground  simulator  results. 
Some  difference  may  be  due  to  the  acute  awareness  in  flight  of  the 
structural  limitations  of  the  aircraft,  and  the  resultant  changes  in 
control  characteristics  of  the  pilot. 
7. A high-fidelity  fixed  base  ground  simulator  is  a  useful  device  in  hand- 
ling  qualities  research  for  defining  the  problem  through  preliminary 
examination  of  handling  qualities  under  consideration  for  bounding  the 
areas  of  principal  interest,  and  for  generation  of  pilot  comment  and 
rating  data  to  aid  in  the  design  of  subsequent  flight  verification 
experiments. 
Flight  Control  Study  of  a  Manned  Re-Entry  Vehicle, WADD TR 60-695, vol. 11, July 
1960 
This  study  investigated  by  way  of  an  analog  computer  some  of  the  variables 
concerned  with  the  operation  of  the  energy  management  system  concept.  The  objec- 
tive  was  to  determine  the  requirements  for  energy  management.  The  vehicle  used 
was  a  glide  vehicle  with  an L/D of 1.5. Only  one  representative  glide  vehicle 
was  used  since  the  energy  management  system  requires  a  great  deal  of  programmed 
information  relating  to  the  vehicle's  nominal  maneuvering  capability,  but  it  was 
felt  that  the  vehicle  is  representative  of  the  vehicles  of  interest. 
The  studies  were  separated  into  four  phases.  The  first  phase  dealt  with  the 
open loop characteristics  of  the  vehicle to determine  the  consequences  of  varying 
certain  parameters.  The  second  phase  investigated  the  operation  of  the  range 
control  loop or  angle  of  attack  control  loop  with  a  non-rotating  earth.  The  third 
phase  concerned  range  and  cross  range  maneuvering  with  a  non-rotating  earth.  The 
fourth  phase  included  the  effects  of  the  earth's  rotation  and  east-west  wind  veloc- 
ities  representing  the  motion  of  the  atmosphere,  were  introduced. 
The flight  of  the  vehicle  was  divided  into  four  simulation  modes  which  defined 
the  phase  the  vehicle  was  in  as  well  as  to  indicate  what  set  of  control  equations 
were  applicable.  The  modes  were: 
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Mode 1 - t ha t  po r t ion  o f  t he  f l i gh t  when the  ine r t i a l  ve loc i ty  i s  grea te r  
than 25,000 fps .  which inc ludes  the  in i t ia l  re -en t ry  and t r a n s i t i o n  t o  e q u i l i -  
brium glide. 
Mode 2 - i s  i n  e f f e c t  when t h e  i n e r t i a l  v e l c c i t y  i s  less  than  25,000 fps .  
and t h e  v e l o c i t y  r e l a t i v e  t o  t h e  t a r g e t  i s  greater  than 10,000 fps .  It defines 
the  condi t ion  tha t  the  vehic le  i s  banked 30° due t o  a large cross range error.  
Mode 3 - same as Mode 2 except that  only small cross range errors exist ,  
the  bank angle i s  l imi t ed  to  p lus  and minus ten degrees. 
Mode 4 - i s  t h a t  p a r t  o f  t h e  f l i g h t  when the veloci ty  of  the vehicle  re la-  
t i v e  t o  t h e  t a r g e t  i s  less  than 10,000 fps .  
Summary of the Major Results 
1. The a t t i t u d e  r a t e  damping command after having accomplished the task of 
br inging the vehicle  into equi l ibr ium gl ide,  becomes essent ia l ly  zero  
and has l i t t l e   e f f e c t  on angle of attack command thereaf te r .  
2. A s  the range error i s  reduced t o  a small value,  the t ransi t ion from a 
boundary equilibrium glide path to the nominal path i s  done smoothly 
with very l i t t l e  overshoot. Once reduced t o  zero the range errors stay 
a t  zero although there may be some small o sc i l l a t ions  of the angle of 
a t t ack  command about zero. 
3. A lack  of  a l t i tude  ra te  damping w i l l  cause skipping but it w i l l  not 
affect  the range.  This  indicates  the gain in  the damping loop could 
be lowered without severe penalties; although it would cause small 
osci l la t ion about  the boundaries  of  the safe  f l ight  corr idor .  
4. Errors  in  measurement  of t h e  a l t i t u d e  r a t e  w i l l  cause errors  in  the com- 
mand of angle of a t t ack  du r ing  the  in i t i a l  r e - en t ry  when the  a l t i t ude  
r a t e  damping i s  based on the  ac tua l  a l t i t ude  r a t e  of the vehicle.  Any 
resul tant  errors  in  range are  not  due to the energy management system 
since it  i s  no t  i n  e f f ec t  a t  t h i s  t ime.  Instead,  these errors  in  range 
become i n i t i a l  range errors to be removed by the energy management 
system. 
5. The desired al t i tude rate  can be computed using the nominal L/D instead 
of the L/D generated by the particular angle of attack command.  The re- 
s u l t a n t  e r r o r s  i n  a l t i t u d e  r a t e  a r e  small and can be tolerated. 
6. Excessive gain in the range loop w i l l  cause  the  vehic le  to  osc i l la te  
around the nominal angle of attack after the range error has been re- 
duced. This i s  due to  the  to t a l  ang le  of a t t ack  command changing 
f a s t e r  t han  the  veh ic l e ' s  ab i l i t y  t o  ga in  o r  l o se  a l t i t ude .  The range 
change capability remains the same. 
7. It i s  shown tha t  t he re  i s  no need to  pred ic t  the  forces  on the vehicle 
t h a t  w i l l  be generated by the velocity of the atmosphere. The vehicle 
can counteract these forces by banking. The only prediction necessary 
i s  in  pred ic t ing  the  fu ture  pos i t ion  of  the  ta rge t .  
8 .  
9. 
The effectiveness of the energy management system i s  independent of 
the direction the vehicle re-enters the atmosphere,  and independent 
of the locat ion of t he  t a rge t  on the surface of the earth.  
It i s  necessary that the range correction be based on the future  posi-  
t i on  o f  the target while the vehicle azimuth i s  on the present  posi t ion 
of the  ta rge t  dur ing  tha t  per iod  of  f l igh t  when only small bank angles 
a re  commanded.  Once the  ve loc i ty  becomes less  than 10,000 fps. ,  both 
range and direction are based on the present posit ion of the target.  
Dynamic Analysis of  a Simple Re-&try Maneuver by F. C .  Grant, Langley Research 
Center, NASA TN D-47, 1959 
This study presents the dynamic propert ies  of a simple re-entry maneuver 
designed to  put  the vehicle  on a smooth g l i d e  t r a j e c t o r y  a f t e r  a single skip.  
Summary of Major Results 
of conditions, but w a s  e a s i e s t  a t  low L/D's. Effects of wing loading were small 
and the high L/D maneuvers were possible only a t  high re-entry angles. 
It was found tha t  the  s ing le  sk ip  maneuver was possible over a wide range 
Modulated Entry by F. C .  Grant, Langley Research Center, NASA TJI D-452, 1960 
This study investigates the use of modulation or var iab le  coef f ic ien ts  f o r  
l i f t i n g  and non-l i f t ing vehicles  as it a f f e c t s  peak acceleration, entry corri-  
dors and heat absorption. 
Summary of Major Results 
The use of modulation serves t o  reduce peak loadings a t  steep entry angles.  
It was found in  th i s  s tudy  tha t  coe f f i c i en t  modulation on vehicles with good l i f t -  
ing capabi l i ty  a t ta ins  loading reduct ions and wider entry corridors making steep 
entry angles  pract ical .  
The Effect of Lateral  and Longitudinal-Range Control on Allowable Entry Conditions 
f o r  a Point Return From Space by A. G. Boissevan, Ames Res. Center, NASA TN D-1067 
This study i s  an attempt to specify allowable tolerances in entry conditions 
resu l t ing  from longitudinal and l a t e r a l  range control of the entry vehicle. The 
problem here which represents the basic re-entry problem; i . e . ,  t o  r e tu rn  to  a 
specified landing point on ear th .  It i s  pointed out that  manned vehicles enter- 
ing the atmosphere from space w i l l  l ikely perform aerodynamic maneuvers in  order  
to  land a t  cer ta in  preselected s i tes .  Deviat ions from intended entry resul t  from 
imperfect control of the trajectory in space which must be corrected by some form 
o f  aerodynamic maneuvering. 
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Summary of Major Results 
By s tudying the interact ion of an assumed control over the lateral  and longi- 
tudinal range and the  in i t i a l  cond i t ions  of approach t o  e a r t h  it was found t h a t  a 
lateral-range capabili ty of 2500 miles from the  center l ine  of an entry t ra jectory 
can allow a var ia t ion in  the t ime of a r r i v a l  of over 3$ hours. 
Flight Simulation of Orbital  and Re-Entry Vehicles, Part 111, Aerodynamics Infor- 
mation Required f o r   S i x  Degrees of Freedom Simulation by H. Buning, Univ. of Mich. 
ASD TR 61-171 
This study presents the aerodynamic information required for a glide re- 
entry vehicle simulator in terms of the phases of fl ight.  The aerodynamic param- 
e t e r s  are defined for hypersonic re-entry, hypersonic-supersonic glide, and super- 
sonic-transonic-subsonic  approach and landing. It presents  computational 
techniques and sample calculat ions for  generat ing funct ions of two or three in-  
dependent variables. It i s  pointed out  that  a t  the supersonic, transonic, and 
subsonic fl ight velocit ies,  conventional l inearized equations may be sa t i s fac tory  
for training-type simulators.  
Dynamic S t a b i l i t y  and Control Problems of Pi loted Re-Entry From Lunar Missions 
by M. T. Moul, A, A. Schy,  and J .  L. Williams, Langley Research Center, NASA 
TN D-986 
This study uti l izes a fixed based simulator t o  s tudy  the  s tab i l i ty  and con- 
t r o l  problems of piloted re-entry from lunar missions. Pilots were given simu- 
la ted navigat ion tasks  of a l t i t ude  and heading angle commands  made within the 
constraints  imposed by acceleration and skipping. The analog simulation used two 
vehicles; both simple bodies of revolution, but one a low-drag cone and the other 
a blunt-face, high-drag capsule. The simulator included a two-axis hand control-  
ler ;  foot  pedals ;  a display of t ra jec tory ,  dynamic, and acceleration parameters. 
Summary of Major Results 
It was found t h a t   a f t e r  a br ief  pi lot- t ra ining per iod both vehicles  were 
easily controlled with the provision of three-axis automatic damping. It  was 
f e l t   t h a t  more extensive simulator programs should be undertaken using angular 
motion simulators and centrifuges to study the types of control problems con- 
sidered.  Further  conclusions  reached  were: 
1. Both vehicles could be controlled to some degree with a l l  dampers out 
and were r a t ed   s a t i s f ac to ry   fo r  emergency operation. 
2 .  The existence of excessive dihedral effect  makes the precise  control  of 
bank angle a d i f f i c u l t   t a s k   f o r  dampers out.  
3. In damper-failure conditions,  l if t ing cone vehicles may encounter appreci- 
able  osci l la tory accelerat ions which required invest igat ion in  a human- 
centrifuge program. 
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4. Performance of r o l l i n g  maneuvers a t  low dynamic pressures with vehicles 
of unstable pitching moment curves at high angles of attack may r e s u l t  
i n  a divergence and loss of control. 
5. Required re-entry maneuvers can be performed without any aerodynamic 
controls  by using ver t ical  center-of-gravi ty  offset  to  trim at  required 
L/D and ro l l  reac t ion  cont ro ls  t o  make ro l l i ng  maneuvers. 
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